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Abstract

We have studied hopping conduction in uniaxially stressed Cu-doped Ge. The electronic ground state of neutral Cu
acceptors, normally accommodating three 1s holes, undergoes a transformation to a 1s*2s' configuration with the application
of uniaxial stress greater than 4 kbar. Upon undergoing this transformation, the copper acceptors form a system of lithium-like
impurities in which hopping transitions of carriers take place through 2s rather than 1s states. The significant overlap between
the more extended 2s wavefunctions located on different sites results in a decrease of the resistivity in the hopping regime by
eight orders of magnitude. Good agreement was obtained between the experimental results and our calculations. © 2001

Elsevier Science Ltd. All rights reserved.
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In semiconductors, dopants make up a system of
Coulomb centers whose interactions can be tuned through
their concentration. At low densities these impurities are
spatially and electronically isolated from each other, and
their electronic states are characterized by discrete energy
levels. At higher concentrations on-site electron—electron
interactions and overlap between wavefunctions of neigh-
boring centers lead to impurity-related energy bands, known
as the upper and lower Hubbard bands in the Mott-Hubbard
framework [1]. In an uncompensated semiconductor at
temperatures approaching absolute zero, essentially all
states of the lower Hubbard band are filled, and impurity
conduction arises from carriers that are thermally excited to
delocalized states of the upper Hubbard band. However, the
omnipresence of compensating impurities (e.g. Sb donors in
p-type Ge) leads to charge transport in the lower Hubbard
band by phonon-mediated hopping of carriers through a
network of localized states formed by ionized dopants.

In moderately doped semiconductors nearest-neighbor
hopping (NNH) is the most widely observed form of
electronic conduction at liquid helium temperatures. The
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electrical resistivity associated with this transport process
has the form pyng = p; exp(e3/kT) where €3 is the
activation energy for hopping and p; is the temperature
independent prefactor which, to a large extent, determines
the magnitude of the resistivity [1-4]. The activation energy
€3 corresponds to the shift of the Fermi energy from
the isolated-dopant level due to Coulomb interactions. The
pre-exponential term p; contains information on the
hopping transition probability, which is a function of
the long-range overlap between dopant wavefunctions.
While €; and p; are very sensitive to majority dopant
density, p; also depends strongly on the spatial extent of
the dopant electronic ground state. This has been demon-
strated through investigations in which uniaxial stress [5,6]
or a magnetic field [6,7] is used to change the shape of the
wavefunctions of shallow dopants. For example, the appli-
cation of uniaxial compression to Ga-doped Ge single
crystals reduces the magnitude of p; by as much as a factor
of 50. Uniaxial stress extends the 1s wavefunction of Ga
acceptors leading to increased overlap and a higher prob-
ability for a hopping transition [8]. A magnetic field
produces the opposite effect and results in an increase of
the resistivity.

Thus far, investigations of hopping transport in doped
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Fig. 1. Temperature dependence of the inverse Hall coefficient Ry,
(multiplied by the electron charge e = 1.6 X 107 C) for two
samples. The squares correspond to a sample with a copper concen-
tration of 7.9 X 10" cm ™ and a net shallow acceptor concentration
of 3x10%cem™ while the circles refer to a sample with
6.5% 10" ¢cm ™ Cu acceptors and 3 X 10" cm ™ compensating Sb
donors. The solid symbols were obtained with zero-stress applied.
The clear symbols represent data obtained with an applied uniaxial
stress greater than 4 kbar.

semiconductors have been constrained by the hydrogen-like
nature of all shallow dopants which, regardless of their
chemical identity, are characterized by a ground state
wherein holes occupy 1s states exclusively. Here we show
that changing the nature of the electronic ground state of
dopants has a dramatic effect on hopping conduction. The
application of a sufficiently large uniaxial stress to Cu-
doped germanium transforms the copper acceptors into a
system of lithium-like dopants in which holes reside in 2s
states. The significantly larger size of the 2s wavefunction
results in a decrease of the resistivity due to hopping
conduction of eight orders of magnitude.

In the absence of uniaxial stress, the fourfold degeneracy
of the valence-band edge of Ge allows for the accommoda-
tion of three 1s holes in the ground state of neutral copper
acceptors. We have previously shown that the ground state
of this triple acceptor is transformed from a pseudo Li’, 1s*-
like configuration to a normal Lio, 1s22s'-like configuration
upon the application of uniaxial stress greater than 4 kbar
[9]. Experimentally this ground-state transformation is
manifested as a pressure-induced shift of the photoioniza-
tion energy of neutral copper acceptors from a zero-stress
value of 43.2 meV to a nearly constant value of 17 meV
above 4 kbar.

The transformation of the ground state of Cu acceptors
leads to the formation of Hubbard bands that are well sepa-
rated from the valence band edge [10]. These bands are
constructed from the highly extended 2s wavefunctions of
the 1s2s'-like configuration. The lower Hubbard band is
formed from the ground state of neutral Cu acceptors

while the upper Hubbard band consists of states associated
with the overcharged acceptor (Cu*). Therefore, the upper
Hubbard band lies closer to the valence band edge at a
higher hole energy than the lower Hubbard band. This is
completely analogous to the formation of Hubbard bands
from donor states in n-type semiconductors.

The concentration of holes in the upper Hubbard band is
thermally activated. The decrease in activation energy of the
hole concentration with increasing copper acceptor density
in highly stressed Ge corresponds to the closure of the
energy gap between the lower and upper Hubbard bands.
More recently we have analyzed the transport properties of
holes in the upper Hubbard band, a study made possible by
the isolation of the 2s states from the valence band edge
[11].

The samples in this study were prepared by diffusing
copper into Ge single crystal wafers as described elsewhere
[9]. Processed wafers were cut into 1X1X5mm?®
parallelipipeds with all resulting surfaces being (001)-
oriented. Hall effect measurements on copper-diffused Ge
crystals show that the homogeneity of the spatial distribu-
tion of copper acceptors in the samples should be better than
2%. Some samples were produced from a wafer having a
grown-in Sb concentration, Ng,, of 3 X 10" em ™. Uniaxial
stress was applied parallel to the long axis of the bar-shaped
samples using a leaf-spring/piston apparatus. Low-tempera-
ture electrical resistivity and Hall effect measurements were
performed on these samples. Additional resistivity measure-
ments were performed on uniaxially stressed 1 X 1 X 1 mm®
samples.

Fig. 1 shows the dependence of the Hall coefficient (Ryy;)
on temperature for unstressed and uniaxially stressed
crystals. The circles refer to a sample with a Cu acceptor
concentration, Ne,, of 6.5X 10 ecm™ and 3% 10" cm™
compensating Sb donors. The compensation ratio, equal to
Nsw/Ncy, has a magnitude of 0.046, which satisfies the “weak
compensation” condition Ng,/N¢, < 1 [4,12]. In general, the
ordinate corresponds to the hole concentration. The change
in slope from negative to positive observed under a large
applied uniaxial stress (clear circles) results from a change
in hole conduction mode from upper Hubbard band trans-
port to hopping conduction in the lower Hubbard band. The
ordinate is no longer a measure of the hole concentration in
the hopping regime [13]. For comparison, the measurements
designated by squares were obtained for a sample with
7.9% 10" cm ™ Cu acceptors and a net shallow acceptor
concentration of 3 X 10'> cm . In this Ge crystal the copper
acceptors are not compensated.

In the temperature range where upper Hubbard band
transport is observed, the hole concentration displays an
Arrhenius behavior with an activation energy that corre-
sponds to the Hubbard gap. For the sample in which copper
acceptors are not compensated, the Hubbard gap is exhibited
down to the lowest temperatures. An increase in the density
of Cu acceptors from 6.5 % 10" to 7.9 x 10" cm ™ lowers
the activation energy from approximately 1.8 to 1.5 meV.
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Fig. 2. Temperature dependence of the resistivity for a Ge single
crystal containing 6.5 X 10" cm ™ Cu acceptors and 3 X 10" cm ™
compensating Sb donors. Without stress the resistivity exhibits a
strong temperature dependence due to the “freeze-out” of holes onto
the copper acceptor level (filled circles). The application of large
uniaxial stress leads to impurity band conduction which is charac-
terized by a weaker temperature dependence of the resistivity (clear
circles). At the lowest temperatures, the resistivity shows a further
weakening in temperature dependence due to the transition from
hole transport in the upper Hubbard band at the higher temperatures
to hopping conduction in the lower Hubbard band.
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Fig. 3. Temperature dependence of the resistivity of a Ge crystal
containing 6.5x 10" ecm™ Cu acceptors and 3% 10" cm™?
compensating Sb donors for three conditions of stress: 0 kbar
(triangles), 2.9 £ 0.3 kbar (squares), and 5 * 1 kbar (solid circles).
While the application of 2.9 kbar reduces the resistivity by a factor
of 35, a further increase of stress by only 2 kbar results in an extra-
ordinary decrease of the resistivity by six orders of magnitude.
Resistivity measurements obtained under uniaxial stress and

shown in Fig. 2 are also presented here for reference (clear circles).

These energies are consistent with our previous measure-
ments and calculations [10].

We have measured the resistivity of these samples over
the temperature range of 300—4.6 K. The measurements for
the sample containing compensating Sb donors are
presented in Fig. 2. In the absence of stress, the resistivity
increases with decreasing temperature with an activation
energy of approximately 45 meV corresponding to the bind-
ing energy of holes by the neutral copper acceptors. The
resistivity of the highly stressed sample exhibits a weaker
temperature dependence that further weakens at the lowest
temperatures. This change in thermal activation corresponds
to the transition from upper Hubbard band transport to
hopping conduction also observed in the Hall effect
measurements.

Two-point resistivity measurements were performed on
the crystal containing Sb donors at temperatures below
4.6 K for three values of applied stress: 0, 2.9 = 0.3, and
5 = 1 kbar. The data are shown in Fig. 3. A uniaxial stress of
2.9 kbar results in a decrease of p; from a zero-stress value
of 5.6 x10% to 1.6 X 107 Q cm. The reduction of the pre-
factor is consistent with previous results for Ga-doped Ge
[5,6]. The activation energy €3 is essentially unchanged —
0.73 meV at 0 kbar compared to 0.74 meV at 2.9 kbar. The
application of 5 kbar further reduces the magnitude of p; to
11.3 Q cm. This dramatic decrease by six orders of magni-
tude with an increase in uniaxial stress by only 2 kbar is
accompanied by a reduction in €; by a factor of 3 to a
value of 0.25 meV. We propose that the high-stress, Li’-
like configuration of copper acceptors is at the heart of the
extraordinary difference in magnitude of the hopping
resistivity.

We have estimated the magnitude of p; for a lithium-like
dopant following the method used previously for hydro-
genic impurities [4,12]. This pre-exponential term is
inversely proportional to the probability for a hopping tran-
sition. Therefore, p3 has the following form for the 2s holes
associated with the high-stress, copper-acceptor ground
state:

p3 = pol jdruaxr)w‘zs(r)rz ()

where u,, (r) is the radially dependent part of the 2s wave-
function at sites i and j. In our analysis u,, (r) has the form
[10,14]:

o= {2 (2o )
2

where a, b and p are the variation parameters, A = (a +
b)*/(a + 1)*, and C is a normalization constant. The effec-
tive hydrogenic Bohr radius ap is approximately equal to
64 A corresponding to an effective Bohr energy of 7 meV
associated with acceptors in uniaxially stressed Ge —
4 kbar applied along a (001) direction. For the Li’-like
copper ground-state, a = 4.03, b = 3.19 and u = 1.3 [10].
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Because uy (r) is governed at large distances by the first
term in the square brackets, we have calculated p; using
only this term [15]. Similar analysis was successfully
applied to a system of hydrogen-like dopants, where the
long-range characteristics of the dopant wavefunction
were found to determine the hopping transition probability
[8,12]. We thus arrive at the analytical form of ps:

p3 = PO[GXP(—W)(%W4 + $w3 + %w2 +w+ D2 3

where w = urjj/ag and rj; is the average impurity separation
which is approximately equal to (3/(47Ng,))". In hopping
transport the length scale of importance is the average
distance between centers at the percolation threshold, r,
which replaces rj; in Eq. (3) [4]. This critical distance is
similar in magnitude to ry and is given by r. = B(I)Brij
where B is a constant on the order of unity.

It has been previously found that for hopping conduction
in unstressed copper-doped germanium crystals, p; =
0o exp(Z/(aCuNé/u3 )) where ac, is the effective hopping radius
for copper acceptors and has a value of 47 A [12,16].
Because p; has a magnitude of 5.6 10® Q cm for the
unstressed crystal, the constant po equals 0.070 ) cm.
Using this value, we find that the stress-induced magnitude
of p3 given by Eq. (3) is 4.4 () cm for a copper concentration
of 6.5%10” cm ™ and B, equal to one. The calculated
magnitude of p; is in good agreement with the experimen-
tally observed value of 11.3 {) cm. Thus, the decrease by
eight orders of magnitude of the resistivity reflects the
remarkable increase in the hopping transition probability
for 2s holes of the 1s*2s'-like ground state compared to 1s
holes of the 1s*-like Cu configuration in the unstressed
crystal.

The invariance of €; with the application of 2.9 kbar is
expected. With a hole binding energy of 23 meV for an
applied stress of 2.9 kbar,[9] the copper-acceptor wave-
function remains compact minimizing effects due to wave-
function overlap. In the absence of significant overlap, €;
depends only on the concentrations of majority and minority
impurities with corrections to account for a non-random
distribution of the minority impurities [4,12].

The significant decrease of the activation energy from
0.74 to 0.25 meV upon the further application of stress is
a direct consequence of the transformation of copper accep-
tors into a system of lithium-like impurities. The more
extended 2s wavefunctions located on different sites overlap
significantly resulting in an increased width of the impurity
band. In effect, a Cu acceptor concentration of
6.5% 10" cm ™ is orders of magnitude below the critical
concentration for the metal-insulator transition (MIT) in
unstressed Ge but is within a factor of three of the critical
concentration upon the application of a sufficiently large
uniaxial stress (>4 kbar). A decrease of €3 has also been
observed in Ge as a function of increasing shallow impurity
concentration [12]. Significant wavefunction overlap — in
one case due to a ground-state transformation and in the

other case due to a reduction in the separation between
impurities — facilitates electron—electron correlations.
These enable processes such as multi-electron hopping
which are characterized by a reduced activation energy
[6,7].

Deviation from an Arrhenius behavior of the resistivity of
the sample stressed to 5 kbar (Fig. 3) suggests that a combi-
nation of hopping mechanisms, nearest-neighbor hopping
and variable-range hopping (VRH) of the Efros-Shklovskii
type, is at play. In this case the resistivity due to hopping,
Phop» 18 given by

1 1 \!
Phop = + (4)
PNNH PVRH
where
0\
PVRH = Po1 exp(7) . ®)

In the temperature range between 4.0 and 0.7 K, pyp is
well described by Eq. (4) if the pre-factor p, and activation
energy €; associated with nearest-neighbor hopping are
1820 cm and 0.28 meV, respectively, while py =
1.35 Q cm and T, = 33.0 K. The magnitude of the para-
meters associated with NNH do not differ significantly
from the corresponding values which were obtained by
considering only NNH (pp=11.3Qcm and e;=
0.25 meV). Fitting the data by VRH alone is inadequate.
Further investigations are necessary to better understand
the actual mechanism(s) involved.

In summary, we have observed hopping conduction
through the 2s states of Cu acceptors in uniaxially stressed
Ge. The stress-induced change of the wavefunction involved
in the hopping process from 1s to 2s results in a dramatic
reduction of the low-temperature resistivity by many orders
of magnitude. With a 1s*2s' ground state at high stress, Cu
acceptors form a system of lithium-like impurities charac-
terized by an activation energy for hopping conduction of
0.25 meV, a Hubbard gap of 1.8 meV and a hole binding
energy of 17 meV for samples used in this study. The
mechanisms of charge transport are clearly differentiated
due to the large differences in the activation energies. The
properties of impurity bands as a function of dopant concen-
tration on the insulating side of the MIT can be studied
without interference of valence band conduction. Moreover,
processes associated with the lower Hubbard band including
the evolution of the Coulomb gap can be separated from
effects associated with the upper Hubbard band. The large
binding energy combined with the extended nature of the 2s
wavefunctions provides an unprecedented opportunity for
comprehensive investigations of the electronic transport
processes in impurity bands.
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